We propose a refractive index (RI) and temperature sensor design based on hybrid mechanisms in a D-shaped all-solid photonic crystal fiber. The D-shaped flat surface is coated with a silver film to construct surface plasmon resonance for the RI sensing, while a single hole in the all-solid structure is filled with benzene to form a directional resonance coupling for the temperature sensing. With a strong coupling between the core mode and the resonance modes, the maximum sensitivities of the RI and the temperature are as high as 12900 nm/RIU and 23.85 nm/°C. Since two resonance designs are used, this sensor can avoid the need for metal coating in the fiber holes and use a high RI sensing medium for temperature sensing.
Introduction
Surface plasmon resonance (SPR) sensors, also called optical sensors based on excitation of surface plasmons, are thin-film refractometers that can detect small changes in the refractive index (RI) occurring at the surface of a metal film [1] - [4] . The Kretchmann-Raether prism is most frequently used in SPR sensors. However, the prism based SPR sensors have a few limitations such as their bulk, complicated sensor designs, and not being suitable for remote sensing [4] . As an alternative to bulk configurations, photonic crystal fibers (PCFs) based SPR sensors have attracted significant research attention because they can offer a number of advantages such as miniaturization, a high degree of integration, remote sensing capabilities, and so forth [5] - [8] . Due to the flexible design of the structure, the PCFs can also provide a new method to achieve phase matching between a core mode and a plasmon mode [6] - [8] . In most of the PCF based SPR sensors, the fiber holes are coated with the metal films, and then filled with the analytes [5] - [8] , and the variations in the RI of the analytes can be detected by following the characteristics of the transmitted light. However, in practical operations, these PCFs will be difficult to be coated with the metal films and filled with the analytes because the size of the fiber holes is as small as several microns. Most importantly, if the analyte changes during the measurement period, emptying and re-filling of the fiber is required. These disadvantages can be overcome by using D-shaped or exposed-core PCFs [9] - [11] . In these ways, the metal and analyte can be directly deposited on the expose section of these PCFs; thus, it can simplify the sensor fabrication and benefit the analyte changing.
The PCF based SPR sensors also can achieve high sensitivity in temperature sensing by replacing the analyte with the sensing medium which has a temperature-dependent RI [12] , [13] . In these sensor designs, a large thermo-optic coefficient liquid as a sensing medium is filled into metallized holes of the PCF. Temperature variations will change the RI of the liquid, hence altering the loss spectra of the core mode. And by measuring the changing of the loss spectra, the variations of the temperature can be detected. Moreover, by building two orthogonal sensing channels, the PCFbased SPR sensor can realize simultaneously the RI and temperature sensing [14] . However, it is important to note that in these temperature sensors, the sensing medium is filled into the cladding holes of the PCF. And to preserve the index-guiding character of the PCF, the sensor was limited to the sensing medium with RI lower than that of the fiber material, typically below 1.42 in the case of the silica fiber [12] - [14] . This makes it difficult to utilize some high RI sensing medium, such as toluene, benzene [15] , liquid crystals [16] , etc. Furthermore, the metal coating in the fiber holes is also required in these proposed sensors [12] - [14] .
Directional coupling in PCF has been well studied, and many of these devices have been shown to be capable of sensing for the high RI liquid [17] , [18] . In these devices, the liquid is directly filled into fiber holes to form a waveguide, and the light can couple to the waveguide mode from the core mode at the resonance wavelength [17] , [18] . In this paper, we present a D-shaped allsolid PCF-based sensor based on hybrid mechanisms which are the SPR for the RI sensing and directional resonance coupling for the temperature sensing. Such design combines the advantages of SPR and directional coupling PCF sensors, and therefore it can avoid the metal coating in the fiber holes and utilize high RI liquid as sensing medium in temperature sensing. We discuss the coupling characteristics of SPR and directional resonance coupling in the same PCF and analyze sensing performances in aspect of RI and temperature.
Design and Principle
As shown in Fig. 1 , the PCF for the proposed sensor has a single hole adjacent to the core, and its cladding consists of three layers of isolated low RI rods hexagonally arranged around the fiber core. The pitch of the underlying hexagonal lattice is = 8 μm. The diameters of the uniform rods and the single hole are both 0.4 . The RIs of the fiber material and cladding rods are assumed to be 1.45 and 1.42, respectively. For RI sensing operation, the fiber is side-polished to form a flat plane where a 40 nm-thick silver film is coated and then exposed to the analyte. The polishing depth from the fiber center to the polished surface is fixed to h = 1.2 . The wavelength-dependent RI of the silver is given by the Drude model [19] . Such design can only support a RI-dependent y-polarized resonance peak [11] . For temperature sensing operation, a large thermo-optic coefficient liquid (sensing medium) is filled into the only hole of the PCF to form a resonator which can couple with the core mode at resonance wavelength where a temperature-dependent resonance peak will be excited [17] , [18] . The electromagnetic modes of the fiber are calculated by using finite element method (FEM). Here, we use the Gaussian-like (HE 11 -like) modes as the core modes which we will distinguish HE 11x (the predominantly x-polarized) mode and HE 11y (the predominantly y-polarized) mode.
Sensing principle of SPR
Theoretically, the resonance coupling between core modes and resonance modes can occur if their effective RIs (n eff ) are equal. The resonance is characterized by an obvious peak of the core mode loss spectrum, which indicates the largest energy transfer between them [6]- [8] , [10] , [11] . Fig. 2(I) shows the n eff of the HE 11y modes and the plasmon modes when the RI of the analyte (n a ) is 1.33 and the RI of the sensing medium (n t ) is 1.47. As the imaginary part of the n eff curve [Im(n eff )] shown in Fig. 2(I) , the resonance peak is located at 537 nm [dot (c)], where the real part of the n eff [Re(n eff )] of the HE 11y mode and that of the plasmon mode are equal. The peak is excited at this resonance wavelength due to the energy transfer into the plasmon mode from the core mode. The electric field distributions of the modes in Fig. 2 (II) also show the energy transfer between the two modes. At the non-resonance wavelengths, the two modes [see Fig. 2(a) and (b) ] show distinctive patterns respectively. At the resonance wavelength, they become mixed [ Fig. 2(c) ] which implies that a portion of core mode energy penetrates into the plasmon mode. Thus, an obvious peak in the core mode loss spectrum is observed. When the n a is varied, the Re(n eff ) of the plasmon mode displaces accordingly, thus leading to a shift in the position of the resonance wavelength [dot (c)]. Consequently, the n a variation can be detected by measuring the y-polarized resonance peak shift.
Sensing Principle of Directional Resonance Coupling
In principle, the resonance coupling between fundamental modes of the fiber core and the liquidfilled waveguide is impossible when the RI of the liquid is higher than that of the background (n bg ), because the fundamental mode of high RI liquid-filled waveguide has the n eff above the background index (n eff > n bg ) while the fundamental mode of the PCF central core has n eff < n bg . However, the higher order modes of the liquid-filled waveguide with fields expanding out of the liquid are confined by the air-silica structure, and thus have smaller n eff which will be equal (or close) to that of the silica core fundamental mode at a certain wavelength [17] , [18] , [20] , and the resonance coupling between the two modes can happen near the resonance wavelengths. Here, we use the Gaussianlike (HE 11 -like) modes as the core modes and thus only consider the coupling mode combinations HE 11x −TM 1 and HE 11y −TE 1 [18] . The difference between the resonance wavelengths of the two coupling mode combinations is several nanometers [18] , [20] . Therefore, we take the example of the mode combination HE 11x −TM 1 to illustrate the coupling phenomenon.
The n eff curves of the HE 11x and the TM 1 modes when the n a is 1.33 and the n t is 1.47 are presented in Fig. 3 . It can be seen from Fig. 3(a) that the original two modes will split into another two new modes and interact with each other near the resonance wavelengths (points C and D), forming supermodes. At the shorter wavelength range away from the point C, the energy of the HE 11x mode is confined in core area perfectly (Inset A) and transferred to the TM 1 mode as wavelength increasing (Inset C). At longer wavelengths, the energy is totally transferred into the TM 1 mode (Inset E). For the TM 1 mode, the energy transfer is contrary to that for the HE 11x mode. Eventually the energy is thoroughly transferred into the HE 11x mode at longer wavelengths. The Im(n eff ) curves of the two modes in the Fig. 3(b) can also show the energy transfer between the two modes. As the solid curve shown, the mode loss follows the HE 11x mode part before the resonance wavelength and switches to the TM 1 mode after passing through it. For the dashed curve, the mode loss follows an opposite trend which is from the TM 1 mode to the HE 11x mode. The energy transfer (coupling) we presented here are also consistent with the phenomenon reported in [8] , [20] . As the energy transferring, an obvious peak in the HE 11x mode loss spectrum is observed at the resonance wavelength. The temperature variation can cause the n t changing, hence changing the n eff of the TM 1 node, and resulting in different resonance wavelengths. Thus, it can be detected by tracking the x-polarized peak shift.
Results and Discussion
To demonstrate potential of the proposed sensor for RI and temperature sensing, we present the loss spectra of the core modes in Fig. 4 for the case when the n a is slightly varied from 1.33 to 1.34, and the n t is changed from 1.47 to 1.48. As shown in Fig. 4 , the two polarized peaks can shift independently. The y-polarized peak shifts 20 nm when the n a is varied from 1.33 to 1.34, and the x-polarized peak shifts 236 nm as the n t changing from 1.47 to the 1.48. Therefore, by following the shifts of the y-and x-polarized peaks, the variations of the n a and the n t can be detected simultaneously. Note that the other y-polarized peak formed by the mode combination HE 11y −TE 1 at longer wavelength is not obvious because of the high loss of the core mode. Moreover, it can be eliminated artificially by monitoring the x-polarized peak wavelength because they have the same resonance wavelength. Fig. 4 . Loss spectra of the two polarized core modes when (a) n a at 1.33 and n t at 1.47, (b) n a at 1.34 and n t at 1.48, (c) n a at 1.34 and n t at 1.47, and (d) n a at 1.33 and n t at 1.48. 
RI Sensitivity
In the case of the RI sensing, the n a variations can be detected by measuring the shift of the y-polarized peak ( λ peak ). As shown in Fig. 4 , the λ peak is 20 nm for the n a changing from 1.33 to 1.34 ( n a = 0.01), and the corresponding sensitivity in term of RI units (RIU) is 2000 nm/RIU. The wavelengths and the sensitivities of the y-polarized peak with n a from 1.33 to 1.42 are summarized in Fig. 5 for comparison. As a result, the sensitivity increases as n a increasing and the maximum sensitivity is 12900 nm/RIU for the n a changing from 1.41 to 1.42. This phenomenon is caused by the extension of the evanescent wave in the sensing region. When the n a gets closer to the RI of the fiber core material (in this sensor is 1.45), the RI-contrast between the fiber core and the sensing region is reduced, and more energy of evanescent wave will extend into in the sensing region, resulting in more photon interaction and higher sensitivity [7] , [10] . However, as the n a increasing (typically above 1.42), higher order plasmon modes can also be excited [7] , [10] , which may introduce noise and make the detection of the n a more difficult.
Temperature Sensitivity
In the case of the temperature sensing, temperature variations will induce changes of the n t , thus leading to different x-polarized loss spectra that will be recorded. We assume the hole is filled with the fluid benzene that possesses the n t = 1.479 at 20
• C, and a thermal coefficient of dn/dT = −7.594 × 10 −4 K −1 [15] . The thermal coefficient of the silica are much smaller than that of the fluid, thus the temperature induced changes can be attributed predominantly to changes in the RI of the fluid benzene. The wavelengths and the shifts of the x-polarized peak at different n t are presented in Fig. 6 . As shown in Fig. 6 , the peak shifts increase when n t decreases (gets close to the n bg ) owing to the coupling theory. The maximal peak shifts is 310 nm for the n t changing from 1 .46 (T = 45
• C) to 1.47 (T = 32 • C), and the corresponding temperature sensitivity is 23.85 nm/°C which is higher than that of PCF-based SPR temperature sensors [12] - [14] . Furthermore, the maximal temperature sensitivity and its detection range in this sensor can be adjusted by using some tunable n t sensing media such as liquid mixture [13] or liquid crystal [21] because the sensor shows higher sensitivity when the n t gets close to the n bg .
Conclusion
In this paper, we present a special sensor design in a D-shaped all-solid PCF to simultaneously realize the RI and temperature detections. Two resonance mechanisms are used in this sensor, which are the SPR for the RI sensing and directional resonance coupling for the temperature sensing. The D-shaped plane coated with a silver film can only support a y-polarized peak when the SPR occurs. The only hole in the PCF filled with fluid benzene can excite an obvious xpolarized peak when the directional resonance coupling happens. By tracking the two polarized peaks shifts, the variations of the RI and temperature can be detected simultaneously. Combining the two resonance mechanisms, this design can simplify sensor fabrication, and thus reducing manufacturing cost. It would be very suitable for detecting temperature-dependent RI of the analyte in chemical, medical and biological areas, and can also be used for monitoring single changes in RI or temperature.
